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ABSTRACT 

. 

This  report  is submitted to the NASA Manncd 

Spacecraf t  Center  i n  accordance with Task M S C / T R W  

A-50. 3 Contract  NAS 9-4810. This repor t  contains the 

postflight analysis  performed i n  conjunction with the 

flight of Apollo Mission 4 / A S - 5 0 1 / C S M  0 1 9 ,  and is 

issued as  a supplement to  Section 3 ,  Tra jec to ry  Sec- 

tion, of the Apollo Program Mission Report. 

The repor t  is issued in three volumes. Volume I 

contains detai ls  of the analysis and resul ts  obtained; 

Volume I1 contains the appendix ma te  rial for  Volume I, 

and Volume 111 presents  alist ing of the final NAT t ra -  

j ecto ry. 

Volume I11 i s  available from microfilm on f i l e  

with the Computations and Analysis Division, I\IASA-I\.ISC. 
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3. APOLLO MISSION 4/AS- 501 TRAJECTORY RECONSTRUCTION 
AND POSTFLIGHT ANALYSIS 

3 . 1  INTRODUCTION AND SUMMARY 

AS- 5 0 1 Miss ion 

The AS-SOl/Apollo Mission 4 was launched f r o m  the Atlantic 

Missile Range at  approximately 1 2 : O O : O l  Greenwich mean t ime on 

9 November 1967. 

stage injected the combination S -IVB/CSM payload into a 100-nautical mile 

orbit. 

and hydrogen venting of the S-IVB stage. After two revolutions in  this 

parking orbit, the S-IVB engines were restar ted,  and the combination 

payload was injected into a high-apogeeJ ear th- intersect ing ellipse. The 

S-IVB burn was closely followed by S-IVB/CSM separation and f i r s t  burn 

of the service propulsion sys tem (SPS) engine. 

The boost of the Saturn V and f i r s t  burn of the S-IVB 

This parking orbit was continually perturbed by the liquid oxygen 

Approximately 2 hours and 18. 5 minutes after the f i r s t  SPS engine 

cutoff, the CSM spacecraft  reached an apogee altitude of 9769  nautical 

mi les  on its e a r t h  intersecting orbit. 

minutes after apogee, the SPS engines were reignited f o r  a burn duration 

of 2 3 2  seconds to ra i se  the entry velocity to that of a lunar re turn  orbit. 

Approximately 2 minutes and 30 seconds after second SPS cutoff, CM/SM 

separation occurred, and 1 minute 24 seconds a f te r  separation, the service 

module entered the ear th 's  atmosphere. 

At approximately 2 hours and 24 

Figure 3-1 i l lust rates  the mission timeline and the radar  tracking 

coverage of the Apollo Mission 4 flight. In this figure, the t ime scale  

shifts  a t  04:OO:OO ground elapsed time (16:OO:Ol Greenwich mean t ime)  

from 15-minute t ime intervals t o  1-hour t ime intervals. 

mi s s ion  events is also shown in Table 3-1. 

The sequence of 

The AS-501 miss ion  performed a near -nominal flight and success  - 
fully completed the pr imary  objectives of demonstrating the following: 

0 Launch capability of the Apollo configuration Saturn V 
boost vehicle 

0 Restar t  capabilities of the S-IVB engine out of a 
coast parking orbit 

3- 1 
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Event Kcvoluti on - 
Second S-IVB Engine 

Cutoff 3 

Direct  Ullage 3 

S-IVB/CSM Separation 3 

X-Transponder Off 3 

SPS 1 Engine Ignition 3 

SPS 1 Engine Cutoff 3 

Apogee 3 

SPS 2 Ullage 3 

SPS 2 Engine Ignition 3 

SPS 2 Engine Cutoff 3 

CM/SM Separation 3 

Entry  (400, 000 f t )  3 

Date 

Nov. 9 

Nov. 9 

Nov. 9 

Nov. 9 

Nov. 9 

Nov. 9 

Nov. 9 
Nov. 9 

Nov. 9 
Nov. 9 

Nov. 9 

Nov. 9 

G round 
E lapsod  

Time 
(hr:min:s e c  j 

3:16:26. 27 

3:26:26. 52  

3:26:28. 22 

3:26:36. 61  

3:28:06. 60  

3:28:22. 60 

5:46:49. 54  

8:10:26. 36 

8:10:54. 80 

8 : l  5:35. 40 

8:18:02. 60  

8: 19: 28. 54  

G r ccinwic h 
Mc an 
Time 

(hr :min :sec i  

15: 16: 27. 27 

15:26:27. 52  

15: 26:29. 22 

15:26:37. 61 

15:  28:07. 60 

15: 28: 23. 60 

17:46:50. 54 

20: I O :  27. 36 

20: 10:55. 80 

20:15:36. 40 

20:18:03. 60 

20:19:29. 54  

0 Restar t  capabilities of the SPS engine 

0 Entry  character is t ics  of the CM at lunar  r e tu rn  
velocities 

Analysis 

This repor t  presents  the details and resul ts  of the postflight analysis 

of da ta  taken during this mission. These data  include the following: 

0 Radar tracking da ta  

MSFN C-band 

Unified S -band 

Skin t r ack  

3- 5 



Downlinlt telenicitry tldta 

S-IVB inertial  unit 

CSM inertial  measuring unit 

0 GLOTRAC high-speed tracking: 

As cent phase 

2nd S-IVB engine burn 

Ascent 

An evaluation of the Apollo iner t ia l  guidance sys tem performance 

has been made in order  to  determine the systematic  e r r o r s  present. 

magnitudes of these e r r o r s  were then used to  reconstruct  the t ra jec tory  

f r o m  G&N data during SPS powered f l igh t  and entry. 

The 

Two sources of external t ra jec tory  data  were available during 

ascent. 

S-IVB guidance data  and ( 2 )  GLOTRAC high-speed tracking data  a r e  d i s  - 
cussed in Section 3. 2 and Appendix K. 

Parking Orbit 

Differences between the corrected G&N t ra jec tory  and (1)  the 

The two-revolution coast  parking orbit, pr ior  to  S-IVB engine 

res ta r t ,  has  been reconstructed for the purpose of verifying the Marshal l  

Space Flight Center derived vent polynomials. 

es t imates  of the accelerations resulting f r o m  venting of the S-IVB stage. 

The details  of the reconstruction and of the comparison/verification a r e  

included i n  Section 3. 3 and Appendix J, with a listing of this parking 

orbit trajectory given a t  10-minute intervals plus event t imes  included 

a s  Appendix A. 

Second S-IVB Engine Burn 

These a r e  polynomial 

Since both S-IVB guidance data and GLOTRAC high speed tracking 

data were  available during the second S-IVB burn, additional comparisons 

with Apollo G&N data were  made. Analysis of these comparisons supple- 

ment the Apollo IMU e r r o r  evaluation which is based pr imar i ly  on ascent. 

Corrected G&N t ra jec tory  residual plots a r e  given in  Section 3. 3 and 

I Appendix K. 

3- 6 



Coast Ph a s e 

I- 

C 

The AS-501 mission has been reconstructed f rom t ime of S-IVB 

The analysis of this reconstruction is given in  engine cutoff to entry. 

Section 3 .  4, and the trajckctory is p r e s e n t e d  a t  t 0- tn inu tc  intcrvals plus  

event t imes in  Appendix B of this report. 

S P S - 2  and Reentry 

The entry t ra jec tory  has been reconstructed using G&N data  f rom 

S P S - 2  ullage to splashdown. 

Apollo IMU e r r o r s  determined from the ascent  and second S-IVB burn 

evaluation. 

in  Section 3. 5. 

The reconstruction was accomplished using 

Discussion of the accuracy of the entry t ra jec tory  i s  presented 

RTCC Compares 

The Real  Time Computing Center s ta te  vectors have been compared 

to  the postflight reconstructed t ra jector ies  at RTCC anchor t imes f r o m  

inser t ion to  entry for the purpose of aiding the Real  Time Center in 

evaluating f i t  procedures.  

in  Section 3. 4 
The details of these comparisons a r e  presented 

3 . 2  LAUNCH 

Correc ted  Apollo Guidance and Navigation (GBeN) Boost Tra jec tory  

Comparisons between the corrected G&N t ra jec tory  and the selected 

boost phase best  es t imate  trajectory (BET)  a r e  presented graphically in  

F igures  3 - 2  through 3-7 .  

corrected G&N t ra jec tory  is compared in  Table 3 - 2  with that obtained f r o m  
the ESPOD orbital  integration program and f rom tracking data. Finally, 

Table 3 - 3  contains a listing of the Apollo IMU e r r o r s  used to co r rec t  the 

G&N trajectory.  

The insertion vector obtained f r o m  the 

In arr iving a t  a corrected trajectory,  i t  was necessa ry  to der ive a 

s e t  of IMU performance e r r o r s  which would best  account for  the disagree-  

ment  occuring between the G&N and the "true" t ra jectory for a l l  phases of 

the flight. A principal difficulty was that of determining the most accurate 

t ra jec tory  f r o m  among severa l  sources. In the boost phase there were 

3- 7 
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Table 3 - 2  . State Vector Comparisons in ECIG ( to  = tGKR) 
C oo r din at  e s 

S-IVB Cutoff (t = 666 seconds)  

Re s i  duals 
ESPOD Corrected G&N (G&N minus ESPOD) 

P X  11, 040, 522. 0 11, 043, 073. 0 2, 551. 0 

P Y  -14,429,463. 0 -14, 428, 225. 0 1, 238. 0 

P Z  11, 560, 363. 0 11, 556, 886. 0 -3,477. 0 

vx 19, 885. 9 19, 884. 2 -1 .7  

VY 16, 033. 9 16, 039. 0 5. 1 

vz  1, 037. 5 1, 024. 8 -12.7 

th ree  independent sources  of vehicle t ra jec tory  data: the Apollo Guidance 

Computer, the S-IVB instrumentation unit (IU), and the GLOTRAC rada r  

system. During the course of this analysis, severa l  i terations of S-IVB 

and GLOTRAC trajector ies  were obtained f rom the responsible agencies 

and examined for  reasonableness. 

which was most  physically reasonable during boost was that obtained f rom 

the edited S-IVB IU te lemetry data. 

It was concluded that the t ra jec tory  

The above conclusion was based on severa l  observations. Velocity 

comparisons with the GLOTRAC trajectory provided to TRW by MSC 
revealed GLOTRAC data fluctuations of an e r r a t i c  and physically unaccept- 

able nature. An example of this is provided in  the velocity comparison p ro -  

f i le  BOOST/SENSED COMPARISONS/GN-GLOTRAC included in Appendix K. 

The S-IVB t ra jec tor ies  provided to TRW by MSFC included a se r i e s  

of var iants  of the original S-IVB data. 

of a simple editing (or  smoothing) of the S-IVB telemetry data. 

such t ra jectory (as  of the date of this report)  was derived by forcing the 

end point of the S-IVB trajectory to fit a single end point ( insertion vector)  

obtained f r o m  orbital  integration programs. 

comparisons with the G&N trajectory revealed discrepancies so  la rge  that 

The f irst  such t ra jec tory  consisted 

The final 

Examination of velocity 
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they could be accounted for only by postulating a physical failure of the 

Apollo IMU or a substantial and systematic e r r o r  in the "final" S-IVB 
trajectory.  Since thc r c  were no additional supporting indicators of an 

IMU failure, suspicion ccntercd on the inaccuracy of the final S-IVB t r a -  

jectory. In a subsequent telephone conversation with MSFC, i t  was con- 

f i rmed that the S-IVB t ra jec tory  in question was known to be in  e r r o r  and 

was undergoing major  revisions. A revised final S-IVB t ra jec tory  is not 

presently available. However, TRW was informed that the edited S-IVB 

IU te lemetry data were  thought to be fa i r ly  representative of the actual 

ascent trajectory. 

standard of comparison f r o m  which Apollo IMU performance e r r o r s  were  

de rived. 

Fo r  that reason, these data were selected a s  the 

I t  is recognized that performance e r r o r s  probably a l so  existed in  the 

S-IVB IMU. Therefore,  the Apollo IMU e r r o r  se t  derived by comparisons 

of the AGC and S-IVB t ra jec tor ies  will be incor rec t  by the amount of these 

S-IVB er rors .  However, the cor rec ted  G&N t ra jec tory  ag rees  well with 

independent sources  during both the second S-IVB burn phase and reentry.  

It is  therefore concluded that the S-IVB e r r o r s  were  relatively smal l  (as  

was expected) 

accurate. 

and that the derived Apollo I M U  e r r o r  se t  is  reasonably 

Comparisons of the cor rec ted  G&N t ra jec tory  with the other boost 

t ra jec tor ies  re fer red  to above a r e  presented graphically in  Appendix K. 

Shown in Table 3 - 3  is a list of the Apollo IMU e r r o r s  derived to 

best  minimize the residuals between the G&N t ra jec tory  and the most  

reliable BET in  all  mission phases. 

so that the best f i t  was obtained where the most  reliable s tandard existed. 

Table 3-3  also includes the resu l t s  of e r r o r  parameter  measurements  and 

the AGC compensation values loaded for the flight, where applicable. 

can be seen from the table, the grea t  major i ty  of the derived e r r o r  values 

agree  with their measured values within the one sigma sample standard 

deviation. 

t reated further. However, a discussion of deduced e r r o r s  which sub- 

stantially exceed that value and for which additional data a r e  available may 

be found i n  the TRW Projec t  Technical Report  05952-H394-R0-00, (Task  

E-38) ,  "AS-501 Guidance and Navigation E r r o r  Analysis. ' I  

The f i t  to  each phase was weighted 

A s  

In general, those e r r o r s  which sat isfy that constraint  a r e  not 
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Examination of Tablc 3 -2 reveals  a significant disagrcemcnt between 

the corrected G&N and ESPOD vectors  at the t ime of S-IVB cutoff. This 

divergence may be partially explained by observing that the ESPOD recon-  

struction relies on a relatively few (nine) r ada r  data points near  insertion 

and is not expected to be highly accurate  in that region. Agreement is 

considerably better a t  t imes  where accurate  ESPOD vectors  o r  other BET 

data a r e  available (second S-IVB burn cutoff and entry). 

fur ther  in Sections 3. 3 and 3. 4. 

3 . 3  P A R K I N G  ORBIT 

This is discussed 

F o r  the AS-501 mission, TRW Task  A - 5 0  was requested to recon- 

s t ruc t  the two-revolution parking orbit phase of the flight using the MSFC 

derived polynomials a s  an aid to MSFC in evaluating this modeling tech- 

nique. 

of the flight and lists the resul ts  of the evaluation of the MSFC vent poly- 

nomial model. 

Sequence of Events 

This section presents the reconstruction of the parking orbit  phase 

Lift-off for  the Saturn V vehicle occurred at 1 2  hours, 0 minutes, 

and 1 second on 9 November 1967. 

elapsed t ime (GET referenced to range zero) ,  Saturn IVB engine cutoff 

occurred. 

I 1  minutes and 7. 94 seconds, GET, 

module (S-IVB/ CSM) was inser ted into a 100-nautical mile  c i rcu lar  orbi t  

a t  11 minutes and 16. 64 seconds, GET. 

was a continous vent of liquid oxygen and liquid hydrogen. 

6 minutes,  and 7 seconds, GET, S-IVB attitude orientation and preignition 

sequence began in preparation for t ranslunar  injection (TLI).  Finally, the 

second S-IVB engine ignition occurred over the E a s t e r n  T e s t  Range (ETR) 

a t  3 hours ,  11 minutes,  and 27. 57 seconds,  GET. 

A t  11 minutes and 5.64 seconds ground 

This was immediately followed by the initiation of vent a t  

The Saturn IVB/command se rv ice  

For almost two revolutions there  
At 3 hours ,  

F o r  convenience, Table 3 - 4  l i s t s  the ma jo r  events during the parking 

orbit  along w i t h  the ground elapsed t ime and Greenwich mean t ime (GMT) 

associated with each event. 
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Table 3-4 .  Sequence of Events (Parking Orbit)  

Event 

G l-0 I1 n c l  Greenwich 
Elapsed Mean 
Time Time 

Revolution Date (hr:min: s e c )  (hr:min: s ec )  

First S-IVB Engine Cutoff 1 Nov. 9 0: 11:05. 64 12: 11:06. 64 

Initiation of Vent 1 NOV. 9 0: 11:07. 94 12: 11:08. 94 

Ins e rtion 1 Nov. 9 0: 11:  15. 64 12: 11: 16. 64 

Second S-IVB Engine 
c u t  0 f f 

3 Nov. 9 3 :  1 k 2 6 .  57 15: 11:27. 57 

Data Processing 

A magnetic tape containing low speed radar  tracking data (C-band 

and S-band) was received f rom MSC on the evening of November 9. 
MATAG program converted the data into a format  compatible with ESPOD 

and generated a t ime-ordered mas ter  data tape. 

the m a s t e r  data tape in the following manner:  

The 

The EDG program edited 

Deleted all  data flagged invalid 

Deleted all  data with elevations below 3 degrees  

Refracted al l  range and angle data using the mean monthly 
value for  surface refractivity for  each station 

Subtracted 123 feet  from al l  IU range data 

Sorted data by object, i. e . ,  S-IVB transponder,  CSM 
transponder,  and skin t rack 

Output radar  observation cards  

This data  processing was essentially completed in one day. 

There were two problem areas .  First, MATAG did not a t  this t ime 

have the capability to process  radar data  f rom mobile tracking s i tes  

(ships);  second, MATAG did not test on object number when processing 

doppler data. Thus, i t  was unable to convert  doppler data in the dual 
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inode. 

AS-204/LM- 1 mission. 

Table 3-5 

It is hoped that these two deficiencies will be cor rec ted  for 

summar izes  the EDG output which is radar  observation 

cards .  The table l i s t s  the station identification, the revolution, the date ,  

the r i s e  t ime,  r i s e  elevation] maximum elevation of the pas s ,  s e t  t ime,  

s e t  elevation, and the total number of observations.  

A summary of the data  that were  flagged invalid a t  the station is p r e -  

sented in Appendix I. 

Orbital Fit Discussion 

Before each fi t  is discussed in  detai l ,  a few assumptions concerning 

these f i t s  should be stated. 

perfect  t ime synchronization with one another ,  unless  otherwise noted. 

Second, i t  i s  assumed that all the da ta  a r e  t ime tagged on the received 

pulse; thus,  the light t ime cor rec t ion  r e t a r d s  the t ime tag of the data.  

Third,  it is assumed that a 0.06-second timing bias  added to all tracking 

data accounts for  the difference between UTI and UTC for 9 November 

1967. 

F i r s t ,  it is assumed that all  stations a r e  in 
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x 

Table 3 -6 l i s t s  t h c .  valitcls used by the TKW orLit dutcrinination 

p r o g r a i n  (ESPOD) t o  wc.ighi thrt radar  tracking data Iron> e a c h  station a s  

a function of data type and radar type. 

Table 3-6. Radar Data Weighting (Parking Orbi t )  

Type of Radar Weighting Data Type 

R: A: E FPQ-6 60 ft: 0. 0258 deg: 0. 0258 deg 

R:A:E TPQ- 18 and FPS-16 90 ft: 0.0354 deg: 0. 0354 deg 

R: A: E MPS-26 180 f t :  0. 1720'deg: 0. 1720 deg 

R:X:Y USB: 30-ft antenna 90  ft: 0. 1375 deg: 0. 1375 deg 
85 - f t  antenna 

Doppler (2 way) USB: 30-ft antenna 0. 2 cyc le / sec  
85 - f t  antenna 

A summary  of station locations for  both C-band and S-band stations 

can be found in Appendix H. 

The S-IVBICSM trajectory f o r  the parking orbit  was reconstructed 

using low speed C-band tracking data and the TRW orbit  determination 

program. 

f r o m  the vent acceleration polynomials derived by MSFC. A table of the 

X, Y,  and Z MSFC vent polynomial coefficients and the t ime interval for  

which these coefficients a r e  valid is to be found in Appendix J. 

this appendix is the MSFC plot comparison of the telemetered velocity and 

the f i t  velocity polynomials, 

the vers ion of ESPOD which has  the burn models (IGS ESPOD), and the 

vent is t reated a s  i f  it were a burn. 

nomials have already accounted for drag ,  thus the drag  parameter  is input 

as zero.  

ESPOD is unable to handle the S-band data. 

The vent was modeled by generating a vent acceleration tape 

Also in 

The vent acceleration tape is then input into 

It should be noted that the vent poly- 

Only C-band data were used in the reconstruction, since IGS 
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Thc parking orbi t  bcxgins a t  S-IVB/CSM insertion (12 hours ,  1 I min-  

utes ,  and 16.64 seconds,  G M T )  and ends a t  the second S-IVB engine igni- 

tion (I 5 hours, 11 ~n inu te s ,  ,Lnd 27. 57 seconds,  CMT) .  F o r  the purposes  

of determining a tr.ijectory, the parking orbi t  was divided into two 

scgnients. 

each fit.  

span of the data, the data used in the f i t ,  the solution vector ,  and the 

t ra jec tory  output. 

Table 3 -7 prtbsc,nts a summary of information pertinent to  

For  each fi t  the following information is l isted: the observation 

Segment 1 was  reconstructed using al l  available C-band data ,  and 

covers  the period f r o m  S-IVB/CSM inser t ion ( 1 2  hours ,  1 1  minutes ,  and 

16. 64 seconds, GMT) to the beginning of revolution 2 (13 hours ,  39 m i n -  

u tes ,  and 12 seconds,  GMT). A least-squares  f i t  was made where the 

s ta te  vector  and the acce lerometer  bias vector  comprised the solution vec-  

tor .  The recovered acce lerometer  bias values were  0. 27  x 10-  feet  p e r  

second p e r  second for X ,  0. 12 x l om3  feet pe r  second p e r  second for  Y,  
3 and -0.  36 x 10- feet  pe r  second per  second for  Z where X is coll inear 

with the local ver t ical  a t  launch, 2 is coll inear with the fir ing azimuth a t  

launch, and Y completes a right-handed system. 

3 

The most significant data problem occurred  a t  CROCOI where the 

mean monthly value of surface refract ivi ty  (329) used in  the refract ion rou-  

tine was considerably different than the computed value (367)  based upon 

measured  temperature ,  p r e s s u r e ,  and dew point data;  consequently, the 

CROC elevation data was weighted out of the fit. 

Table 3-8  l i s t s  the res idua l  mean and RMS by station and type for  

Segment 1 where all quantities a r e  defined a s  usual,  and N r ep resen t s  the 

number of data points for a par t icular  type of observable. 

The t ra jectory was generated at 10-minute intervals  and a t  event 

t imes.  The t ra jec tory  listing can be found in Appendix A. 

The residual plots for  this fit can be found in Appendix C where p e r -  

tinent comments will be made for  each plot, i f  applicable. 
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. 

Segment 2 wds reconstructed u s i n g  all thc i i v d i l a h l c  C-hand data 

cxcept for  CYICOL and TANCOZ. 

deleted f rom the f i t  bccausc o l  s t range residual patterns.  

covers  the period f rom the beginning of the second revolution (13 hours ,  
39  minutes ,  and 12 seconds,  GMT) to t l ~ c  second S - I V I 5  c.nginct ignition ( 1 5  

hours ,  11 minutes ,  and 27. 57 seconds, GMT). A least-squares  fit was 

made where the solution vector consisted of the s ta te  vector and the acce l -  

e r o m e t e r  bias vector.  The recovered acce lerometer  bias values werc 

-0. 12 x feet per  second per  second fo r  X, 0.25 x feet  pe r  s e c -  

ond p e r  second for  Y ,  and -0 .76  x feet  p e r  second per  second for  Z ,  

where the s a m e  definitions hold for  X,  Y ,  and Z a s  in  the discussion of 

Segment 1. The CROCOZ elevation data  were  weighted out of the fit 

because of the previously discussed refract ion problem. 

The data  f rom those stations were 

Segment 2 

The res idua l  mean and RMS by station and type fo r  Segment 2 is 

l is ted i n  Table 3 - 9 .  

The t ra jec tory  was generated at 10-minute intervals  and a t  event 

t imes.  The t ra jec tory  can  be found in  Appendix A. 

The residual plots for  the f i t  can be found in Appendix C, where p e r -  

tinent comments will be made for  each plot, i f  applicable. 

A two-revolution f i t  was made of the parking orbi t  using the C-band 

da ta  except for  CYICO2 and TANC02. 

compared favorably (differing l e s s  than 500 feet  in  total position and i foot 

p e r  second in total velocity) with the t ra jec tor ies  for  both Segment 1 and 

Segment 2 except for  the inser t ion vector (12 hours ,  11 minutes,  and 16. 64 

seconds,  GMT). 
the two-revolution f i t  a s  it was with the Segment 1 f i t  without heavily 

weighting the BDACOi data. Also, the Segment 1 t ra jec tory  and the 

Segment 2 t ra jec tory  differed by only 167 feet  in  total position and 0. 52 foot 

p e r  second in  total  velocity at the beginning of revolution 2. 

it was decided that the two-revolution parking orbi t  would be best  r ep re -  

sented by the Segment 1 and the Segment 2 t ra jec tor ies .  

It was found that this t ra jec tory  

It was not possible to  f i t  the BDACOi data as well with 

Therefore ,  
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A detailed discussion of RTCC comparisons f o r  Segment 1 and 

Segment 2 is presentetl i n  Sc.ction 3. 6. 

The low speed S-band tracking residual plots using the reconstructed 

t ra jec tor ies  for S e g m c n t  1 and Segment 2 can be f o u n d  in Appendix D. 

tinent comments wi l l  be made for each plot, i f  applicable. 

ESPOD which does not have a vent model had to be used to generate  the 

residuals. In  o r d e r  to minimize the effects  o f  venting on the residuals ,  

the propagation t ime of the vectors  used to generate  the residuals  was 

minimized. 

Pe r -  

A vers ion of 

The quality of the S-band data was not a s  good as the C-band data  i n  

near -ear th  orbit. 

possibly distinguish operational problems f r o m  hardware  problems. 

Vent Polynomial Evaluation 

A detailed study of the S-band plots (Appendix D) will 

The MSFC vent polynomials will not be evaluated explicitly; instead, 

the reconstructed t ra jec tory  which was based on these polynomials will be 

evaluated. 

In general ,  the goodness of a t ra jec tory  is measu red  by how well the 

t ra jectory fits the observations.  

(Appendix C) indicate a good f i t  was obtained by TRW using the vent poly- 

nomials. The s ta te  vec tors  obtained in rea l  t ime by the RTCC, i f  regarded 

as an independent check, a r e  in  good agreement  with TRW during the 

parking orbi t  phase. 

Tables 3 - 8  and 3 - 9  and the plots 

The evaluation of the MSFC t ra jec tory  will be based on two compar i -  

sons. 

encing s ta te  vectors at common t ime points; second, a comparison of the 

recovered acce lerometer  biases  will be made. 

F i r s t ,  the reconstructed t ra jec tor ies  will be compared by differ-  
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MSFC transmittcd to TRW Task A-50 a se t  o f  vectors for the parking 

orbi t  a t  the RTCC anchor times. 

in  the Apollo 4 standard coordinate system a r e  listed i n  Table 3-  10. 

each vector comparison the following information is l isted: 

The vector differences (MSFC - TRW) 

F o r  

0 The RTCC vector anchor t ime (GMT) 

0 The position component differences in feet  and the velocity 
component differences in feet per  second 

0 The total difference in  position and velocity in feet and feet 
per  second 

The total position differences were generally around 2000 feet ,  

although the differences were as  high a s  4000 feet  a t  14 hours ,  26 minutes, 

and 12 seconds (CROCO2). 

as 5. 06 feet  pe r  second a t  insertion (12 hours, 1 1  minutes, and 16. 64 
seconds,  GMT) and a s  smal l  a s  0.84 foot per  second at  the second S-IVB 

engine ignition (15 hours ,  1 1  minutes, and 27. 57 seconds,  GMT). The 

differences a r e  not unreasonable, although the differences a r e  somewhat 

higher than expected. However, these differences a r e  not l a rge r  than the 

differences observed on the AS-203 mission which was used as  a t e s t  case 

for the AS-501 mission. 

The total velocity differences were a s  large 

F o r  completeness, the MSFC vectors  were also compared with the 

RTCC vectors (RTCC - MSFC) i n  the RTCC coordinate system. 

resul ts  of these comparisons a r e  listed in Table 3-11. 

compared is identified either by a station identification and batch number 

o r  by a descriptive word phrase.  Also listed i n  the table a r e  the RTCC 

vector anchor t ime (GMT), the position component differences in feet, 

the velocity component differences in feet per  second, and the total differ-  

ence in position and velocity in feet and feet  p e r  second. 

The 

Each RTCC vector 

. 
The MSFC vectors compare favorably with the RTCC vectors in  

Table 3-1 1. The large differences between MSFC vectors  and the special  

RTCC vectors in Table 3-11 were  also observed between the TRW vectors  

and the RTCC special vectors (Section 3.  6) .  

Table 3-1 2 compares the recovered accelerometer  biases  for 

Segment 1 and Segment 2. 

accelerometer  biases for  the two-revolution f i t  described above. 

Also included is a comparison of the recovered 
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The table lists ac*ccslcronlc:ter biases in the. X ,  Y ,  am1 7, dirc:c.tions 

fo r  MSFC and TRW, wficbrc. X is collinear with t l i c -  local  vertical a t  launch, 

Z is collinear with the fir ing azimuth a t  launch, and Y completes a right- 

handed system. 

b y  TRW and MSFC a r c  consistent except f o r  the X-accelerometer bias i n  

Table 3 - l t b  and thc. Y-~~(.ct,lc.1.ollleter bias i n  Tdblcb 3 -  1Lc. 

ometer  bias is the only bias that does not have the same  sign for all three 

tables. 

Thc t ~ i b l c !  shows t h a t  the ac.cele rometc I' biases rccovered 

The X-accelcr-  

In conclusion, i t  is felt that the vent polynomial technique is  a good 

This conclusion was also reached af ter  evaluating the way to model vent. 

vent polynomial technique using the four revolutions of the AS-203 mission 

a s  a tes t  case.  

Second S-IvB/  First Service Propulsion System Burn 

In this  phase, two G&N trajectory reconstructions were  car r ied  out. 

The set of derived Apollo IMU e r r o r s  (Table 3 - 3 )  used to co r rec t  the G&N 

boost t ra jec tory  were  used in these reconstructions. 

Tra jec tory  C ompa r is on s 

During the period of the second S-IVB burn, approximately 11,490 

to 11,788 seconds f rom Apollo Guidance Reference Release (GRR), there  

were  again three independent sources of t ra jec tory  data: Apollo G&N, the 

S-IVB instrument unit, and the GLOTRAC radar  stations which service 

the Eas te rn  Tes t  Range. 

records  of the corrected G&N trajectory and corresponding records  f rom 

three  sources:  GLOTRAC, edi ted  S-IVB instrument unit telemetry,  and 

the final, corrected S-IVB trajectory (designated the S-IVB "Final Point 

Mass"  t ra jectory by MSFC). The resu l t s  of these comparisons a r e  p r e -  

sented graphically in  Figures  3 -8 through 3 - 13 (for G&N minus GLOTRAC) 

and in Appendix K. 

par isons were made, those made wi th  the GLOTRAC data  produced the 

mos t  reasonable results. 

s e e m  m o r e  reasonable on physical grounds, although GLOTRAC data  

throughout the burn are erratic. 

velocity residuals a r e  0. 7, -6. 5, and - 3 .  6 feet  per second in  X, Y, and Z 

Comparisons were  made between the sensed 

Of the three  reference t ra jec tor ies  with which com-  

The e r r o r  propagations suggested by these data 

The end point ( 1  1,788 seconds) sensed 
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channels, respectively, and agree  f a i r ly  well with those taken f r o m  the 

final S-IVB Point Mass t ra jector ies .  

S -1VB Point Mass comparisons strongly suggests that this  agreement  was 

brought about by forcing the S-IVB t ra jec tory  to f i t  tracking data  closely 

near  the end point of the burn. 

However, thc trend of the final 

T r a j  e c to r y Reconstruction 

After  examining the resul ts  of the sensed t ra jectory comparisons 

described above, the derived Apollo IMU e r r o r s  were  used to reconstruct  

an Apollo G&N t ra jec tory  f r o m  t ime t = 11,400 seconds (p r io r  to S-IVB 

ignition) through t = 12, 512 seconds (af ter  completion of the first SPS 

engine burn). 

t = 11,400 seconds, causing both the ESPOD and Apollo G&N t ra jec tor ies  

to  coincide initially. The purpose of this  procedure was to determine how 

accurately the corrected G&N t ra jec tory  would t r ack  the BET over a sub- 

stantial  time interval. As can be seen f rom Table 3 - 1 3 ,  the resu l t s  of 

this comparison were f a i r ly  satisfactory. 

This t ra jec tory  was initialized on an ESPOD state  vector a t  

It will be noticed that the last two se t s  of residuals ( for  t = 12, 480 
seconds and t = 12, 512 seconds) differ markedly in spite of the i r  close 

t ime proximity. This is t rue  because the ESPOD vec tors  a t  these two 

time points were taken f rom independently reconstructed orbi ta l  segments 
separated by SPSI. 
seconds were taken was reconstructed using tracking data  between S-IVB-  

I1 cutoff and SPSI ignition. 

seconds was generated f r o m  tracking data  obtained during the intersecting 

ellipse orbit. 

The segment f rom which vectors a t  t ime t = 12,480 

The E S P O D  segment containing t ime t = 12,  512 
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Table 3 -  12. Comparison of Recovered Accclcrometcr  Biases 

a) Segment I 

2 MSFC ( f t / s ec  ) 
2 TRW ( f t / s ec  ) 

X 0.27 0. 14 

Y 0.12 0.14 

Z - 0 . 3 6  -0.51 

b) Segment 2 

MSFC ( f t / s ec2 )  2 TRW (f t / sec  ) 

X -0.12  IO-^ -0.20 

Y 0.25 0.32 

Z -0.75 -0.79 

c )  Two -revolution f i t  

2 MSFC ( f t / s ec  ) 
2 TRW (f t / sec  ) 

X 0.13  IO-^ 0. 14 

Y 0.23 x 0. 27 

Z -0.72 -0. 87 

. 
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3.3 INTERSECTING ELLIPSE 

Tra j ec to ry  Analysis and Reconstruction 

. 

This  section d iscusses  and summar izes  r e su l t s  cibtaincd by recon-  

structing the AS-501 (Apollo 4 )  t ra jec tory  f rom Saturn-IVB/ command 

se rv ice  module (S-IVB/CSM) separation to  en t ry  (400, 000 f ee t )  using an 

orb i t  determination p rogram (ESPOD) and low speed r a d a r  t racking data. 

Although Task  A-50 was not responsible f o r  the 10-minute period between 

the second S-IVB engine cutoff and S-IVB/CSM separation, the l imited 

data between S-IVB/CSM separation and the first se rv i ce  propulsion sys  - 
tern (SPS 1) engine cutoff made it necessary  for the task  to include the 

10 minutes of f r e e  flight pr ior  to S-IVB/CSM separat ion in its discussion. 

Therefore ,  the following subsection, Sequence of Events,  will begin by 

describing the second S-IVB engine cutoff. 

Sequence of Events 

Following the two revolutions in  the parking orbit ,  the second S-IVB 

burn injected the S -IVB/ CSM configuration into an ear th- intersect ing 

coast  ell ipse.  

minutes ,  and 26. 2 7  seconds from lift-off, where lift-off is referenced to 

range ze ro  which occurred a t  12 hours,  0 minute,  and 1 second, GMT. 

The second S - I V B  engine cutoff occur red  a t  3 hours ,  16 

After  10 minutes of f r ee  flight, the Apollo guidance computer  (AGC) 

received the S-IVB/CSM separation signal. 

the react ion control system (RCS) jets were  turned on. 

of thrusting, the physical separation of the S-IVB/CSM occurred.  

RCS j e t s  continued thrusting for  another 8 .4  seconds, for  a total  t ime 

duration of 10. 1 seconds. 

during this  maneuver. 

maneuver  to  obtain the proper  ignition attitude fo r  the f i r s t  SPS burn. 

This maneuver was followed by a 64-second attitude-hold phase p r i o r  t o  

SPS engine ignition. 

Upon receipt  of th i s  signal, 

After  1. 7 seconds 

The 

A total  AV of 1. 88 f ee t  p e r  second was added 

The CSM then initiated a 26-second reorientation 

At the end of the attitude-hold phase, 3 hours  and 28. 11 minutes 

a f te r  lift-off, the SPS engine ignition occurred.  

16 seconds with a AV of 213 fee t  per second. 

The burn lasted a total of 

The resu l t  of the burn was 
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an  earth-intersecting cbllipsc with eccentr ic i ty  ol 0. 50 and a predicted 

apogee of 9778 nautical mi les  above the F i sche r  ellipsoid. 

of SPS 1 targeting pa rame te r s  appears  in the Maneuver Analysis and 

Targeting Pa rame t  e r subsection. 

A discussion 

Immediately following SPS 1 engine cutoff, 3 hours and 28. 38 minutes 

a f t e r  lift-off, the CSM initiated a 26-second reorientation maneuver  to  

place the spacecraft  into the des i red  attitude for  so la r  cold soak. 

Approximately 2 hours  and 18. 5 minutes af ter  SPS 1 engine cutoff, 

the spacecraf t  reached an altitude of 9769 nautical mi les  at apogee. Then 

approximately 2 minutes a f t e r  the AGC update had been received f r o m  the 

Carnarvon ground station, the ACC initiated a reorientation maneuver  

f r o m  the solar  cold-soak attitude to the ignition attitude for  the second 

SPS burn. 

At 8 hours and 10. 44 minutes f rom lift-off, the CSM RCS j e t s  w e r e  

turned on for  a 28 -second ullage burn. 

two-engine ignition occurred. 

SPS 2 engine ignition was 4 hours  and 42. 54 minutes. 

Immediately following ullage, SPS 

The total  t ime f r o m  SPS 1 engine cutoff to  

The duration of the SPS 2 burn  was 280. 6 seconds, during which a 

AV of 4829 feet per  second was added. 

at 232. 14 seconds before en t ry  o r  8 hours  and 15. 61 minutes f r o m  lift-off. 

The resulting iner t ia l  velocity and flight-path angle at SPS 2 engine cutoff 

was 35, 115 feet  pe r  second and 107. 64 degrees ,  respectively.  A detailed 

The SPS 2 engine cutoff occu r red  

I description of SPS 2 targeting pa rame te r s  is presented in the Maneuver 

Analysis and Targeting P a r a m e t e r  subsection. 

Following SPS 2 engine cutoff, a reorientation maneuver was p e r -  

formed to  obtain the des i red  attitude f o r  command module/ s e rv i ce  module 

(CM/SM) separation. 
tion, which occurred at 8 hours  and 18. 04 minutes a f te r  lift-off. 

separat ion maneuver was performed by f i r ing four SM RCS t h r u s t e r s  to  

provide negative X-axis translation. 

the RCS propellant was depleted. 

This attitude was maintained until CM/SM s e p a r a -  

The 

The t ranslat ion was to  continue until 
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Approximately 5 scaconds af ter  the CM/SM sc:para-tion, the. guidance 

and navigation system was to begin orienting the c o ~ ~ ~ t ~ ~ a r i d  niodulc to  a 

predetermined attitudc lor atmospheric reentry.  

At 8 hours  and 19. 326 minutes f r o m  lift-off, the spacecraf t  entered 

the ea r th ' s  a tmosphere (400, 000 feet) in a hyperbolic orb i t  with an iner t ia l  

velocity of 36 ,  545 fee t  per  second and a flight-path angle of 96. 93 degrees ,  

Table 3 - 1 l i s t s  the major  events along with the ground elapsed t ime 

and Greenwich mean t ime associated with each event. 

Command Service Module Orbi ta l  Reconstruction 

The command serv ice  module t ra jec tory  was reconstructed 

using low speed C-band r ada r  tracking data and the T R W  orb i t  determina-  

tion p rogram (ESPOD). Low speed unified S-band r a d a r  data w e r e  also 

used for  the post-SPS 2 burn segment of the flight s ince C-band data did 

not exist fo r  this segment  of the mission. 

phase of the flight was also reconstructed using only S-band data, and 

also by  using both the C-band and S-band data. 

then compared with the standard C-band t r a j ec to ry  to  determine the qual- 

i ty of the S-band data and to measure  the effects of using both r ada r  data 

types in a f i t .  This comparison appears  in the discussion of Segments 5 

and 6. 

The ear th- intersect ing ell ipse 

These  t r a j ec to r i e s  were  

The CSM orbi ta l  segment of the flight begins at S-IVB/CSM sepa ra -  

t ion and ends at en t ry  interface (400, 000 feet). 

data situation between S -IVB/ CSM separation and SPS I engine ignition, 

the 10 minutes of f r ee  flight preceding S-IVB/CSM separat ion were  

included in the analysis. 

Because of the l imited 

Data Process ing  

A magnetic tape containing low speed r a d a r  t racking data (C -band 

and S-band) was received and processed by  the MATAG program which 

converted the data into a format  compatible with ESPOD and generated a 

t ime-ordered  m a s t e r  data tape. 

data  tape  in the following manner:  

The EDG program edited the m a s t e r  

a )  Deleted all data flagged invalid 

b) Deleted all data with elevations below 3 degrees  
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Refracted all range and angle data using thc mean 
monthly valiic of surface rcf ractivity 10 r tach 
station 

Subtracted 123 feet  f rom all IU range data 

Sorted data by object, i. e . ,  S-IVB transponder,  
CSM transponder,  and skin t r ack  

Output r a d a r  observation c a r d s  

Table 3 -14 summar izes  the EDG output, which is r ada r  observation 

cards.  The table l i s t s  the station identification, the revolution, the date, 

the r i s e  t ime (GMT), r i s e  elevation ( degrees) ,  maximum elevation of the 

pass  (degrees) ,  s e t  t ime (GMT), s e t  elevation, and the total  number of 

observations. 

A summary of the data that were  flagged invalid at the station 

appears  in Appendix 1. 

Orbital  Fit Discussion 

Before each fit is discussed in detail,  a few assumptions concerning 

these fits should be  stated. 

perfect  t ime synchronization with one another unless  otherwise noted. 

Second, it i s  assumed that  all data a r e  t ime  tagged on the received pulse; 

thus,  the light t ime correct ion r e t a r d s  the t ime tag of the data. 

it i s  assumed that a 0. 06-second timing b ias  added to a l l  tracking data  

accounts for  the difference between UTI and UTC f o r  9 November 1967. 

First, it is assumed that all stations a r e  in 

Thi rd ,  

A summary of station locations fo r  both C-band and S-band stations 

can be found in Appendix H. 

weight the radar  tracking data f r o m  each station as a function of data  

type and radar  type. 

Table 3 - 1 5  l i s t s  the values used by ESPOD to  

A summary of drag  pa rame te r  values  fo r  var ious phases  of the 

mission is listed in  Table 3-16. 

the t ime interval for  which this par t icu lar  value is valid, vehicle weight 

(pounds), vehicle c r o s s  sectional a r e a  ( fee t  ), and the value of the d rag  

pa rame te r  (feet  / slug). 

The table l i s t s  the vehicle configuration, 

2 
2 
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Tabli? 3 -  15. Ratla r Data Weighting (Coast  Phase) 

- 

D a t a  Type Type of Radar W cighting 

R:A:E FPQ-6 60 ft :  0. 0258 deg: 0. 0258 deg 

R:A:E TPQ-18 and FPS-16 90 ft :  0. 0354 deg: 0. 0354 deg 

R:A :E MPS -26 180 ft: 0. 1720 deg: 0. 1720 deg 

R:X:Y USB: 30- f t  antenna 90 f t :  0. 1375 deg: 0. 1375 deg 
8 5 -ft antenna 

8 5 -ft antenna 
Doppler ( 2  way) USB: 30-f t  antenna 0. 2 cyc le s / sec  

Table 3-16. Drag Summary 

Time Interval  Vehicle Vehicle 
F r o m  To Weight A r e a  Drag 

Vehicle (hr:min:sec) (hr:min:sec) (lb) ( f t2)  ( f t2/s lug)  

12: 11 :l 6 15:l 1:27 281,568 754.77 0. 0858 

S-IVB/CSM 15: 16: 27 15: 26: 29 122,000 754.77 0. 1980 

S-IVB 15:26:29 ENTRY 83, 259 754. 77 0. 2901 . 

CSM 15:26: 29 15: 28:07 51, 787 129. 35 0. 0799 

15:28:23 20: 10:55 50,653 129. 35 0. 0817 CSM 
2O:l 8:03 24, 872 129. 35 0. 1664 CSM 20: 15: 36 

CM 20 :l 8:03 ENTRY 11, 960 129. 35 0. 3461 

S-IVB/CSM 
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F o r  purposes  of detcrrriiniiig a bes t  cs t imatcd t ra jec tory  (13ET), thc: 

In CSM orbi ta l  segrricnt of thc flight w a s  divided into four  segments.  

addition, two fits were  made f o r  the coast  phase of the flight in o r d e r  t o  

evaluate the low speed S-band tracking data. 

m a r y  of information pertinent to each of the above rncntioned fits. 

each f i t  the following a r e  listed: 

Tablc 3-17 p re sen t s  a s u m -  

For 

0 The observation span of the data 

0 The data  used in t h e  fit 

e 

0 The solution vector 

The value of the d rag  parameter  (CdA/2m)  

0 The t r a j ec to ry  output 

The 1962 COESA stat ic  atmosphere was used in all fits. 

Segment 1 (Table  3 -17) was reconstructed using all available C-band 

data between S-IVB cutoff and SPS 1 engine ignition. 

The separation maneuver ( 1 5  hours ,  26  minutes,  and 27. 52 seconds,  

GMT, to 15 hours ,  2 6  minutes, and 37. 61 seconds, GMT) was modeled 

by inputting a burn tape, generated f r o m  the Guidance and Navigation 

(G&N) tape, into the IGS ESPOD. Since the AGC was in  the "average g 

mode" at this t ime, the telemetered data represent  an accurate  thrus t  

profile at 2 -second intervals. Because the AGC senses  accelerat ion due 

to drag,  it was not necessa ry  to  input the value fo r  drag a f te r  separat ion 

(Table  3-16). Thus, only the value for  drag  (0. 198 ft / s lug)  before s e p a r a -  

tion was input into ESPOD. 

only the s ta te  vector,  and convergence was achieved in two iterations.  

2 

The solution vector for the f i t  consisted of 

The residual mean and RMS by station and type for  Segment 1 is l isted 

in Table 3 -  18 and indicates a reasonable fit. 

usual,  and N is the number of data points for each observation type. 

All quantities a r e  defined a s  

It should be noted that  the residuals indicate a difference of about 

100 to  150 feet  between the S-IVB transponder data and the CSM t r a n s -  

ponder data (BDAC03 ver sus  other data). 

were  a l so  observed during the vent phase. 

Differences of this magnitude 

The t r a j ec to ry  was generated 
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at a l l  cvcnt t imes in  this interval (Appendix B). 

this segment can be found in Appendix E. 
iiiadc f o r  each plot, i f  applicable.. 

l ’ h c .  rcsidual plots f o r  

Per t inent  conitnents will be 

Some difficulty was encountered reconstructing the t r a j ec to ry  f o r  the 

coast  phase from SPS I engine cutoff ( 1 5  hours,  28 minutes, and 23. 6 s e c -  

onds, GMT) to SPS 2 engine ignition ( 2 0  hours ,  10 minutes, and 55. 8 
seconds, GMT) using low speed C -band r a d a r  tracking data. 

was that at 15 hours  and 30 minutes, GMT, the ASCC03 range res idua ls  

suddenly dropped approximately 500 f ee t ,  and a s t rangc  rangc’ residual 

pat tern was observed until 17 hours,  12 minutes,  and 30 seconds, GMT. 

At this  t ime, the range res idua ls  jumped approximately 300 feet  following 

a 30-second d a t a  drop. 

compatible with the CROC03 range data. 

tion residuals during this s a m e  period appeared reasonable.  

(S-band) residuals were smooth during this interval ,  and subsequent fi ts  
of the S-band data  indicated that the S-band da ta  were  good. 

The problem 

After  the jump, the ASCC03 range d a t a  w e r e  

The ASCC03 azimuth and eleva-  

The ACNS03 

The RTCC a lso  experienced problems during this period. A 300- 

yard range bias was observed between the ACNS USB data and the ASCC 

C-band data. 

and ACNS was asked to reacqui re  in range. 

the bias by about 30  yards. 

ACNS and ASCC was observed to be approximately 50 yards.  
appears  that the problem observed by the RTCC was  caused by the ASCC 

rada r  rather than the ACNS rada r .  

It was assumed that  the difficulty was with the USB station, 

This  action seemed to reduce 

At some  l a t e r  t ime,  the range b ias  between 

It  now 

Many attempts w e r e  made to recons t ruc t  the coast  phase in one 

segment without success .  

phase t ra jectory i n  two segments  to insure  a good fit at both SPS 1 engine 

cutoff and SPS 2 engine ignition. 

It was finally decided to  recons t ruc t  the coas t  

Segment 2 was reconstructed using ANTC03 data, a s m a l l  amount of 

ASCC03data a f te r  SPS 1 engine cutoff that were  considered to  be good, a 

sma l l  segment of ASCC03 and CROC03 data nea r  apogee, and a s m a l l  

segment of CROC03 nea r  SPS2 engine ignition. 

made by regressing on the s ta te  vector. 

p e r  slug was used in the f i t .  

A leas t - squares  f i t  was 

A d rag  value of 0. 082 square  foot 
In o r d e r  to in su re  that the l imited amount of 
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data  used i n  thc f i t  wc’rc’ rc.prc’scntativc, t h c a  r e s i d t i a l s  f o r  all t h e  C-hand 

data wen’  genc.ratct1 u s i n g  t l i c l  slate v e c t o r  f rom th t -  above fit. The resul ts  

indicated that the trajectory f i t  all the data until dljoiit  19 hours  50 minutes ,  

GMT, o r  until about 20 minutes before SPS 2 c n g i n c  ignition. It was 

decided that Segment 2 would rchpresent the interval from SPS 1 engine cut- 

off (15 hours ,  28 minutes ,  and 23 .6  seconds,  GMT) to 17 hours and 20  

minutes ,  GMT. A vector  comparison with Segment 3 revealed a total d i f -  

fe rence  of 4325 feet  i n  position and  0. 88 foot p e r  second in velocity. 

residual mean and RMS by station and type f o r  Segment 2 is l isted in Table 

The 

3 -  19. 

The t ra jec tory  was output at  10-minute intervals  and a t  event t imes  

(Appendix B). The residual  plots for  this segment can be found in 

Appendix E where pertinent comments will  be made f o r  each plot, if 

applic able. 

The t r a j ec to ry  for Segment 3 f r o m  17 hours  and 20 minutes, GMT, 

to  SPS 2 engine ignition (20 hours,  10 minutes, and 55. 8 seconds, GMT) 

was reconstructed using all the CROC03 data; all the ASCC03 data except 

f o r  the interval  f r o m  15 hours  and 30 minutes,  GMT, to  17 hours ,  12  

minutes, and 30 seconds, GMT; and the ANTC03 data. The CROC eleva-  

tion data were  weighted out because of a suspicious elevation res idua l  

trend. The problem was found to be caused by a refract ion model e r r o r ;  

i. e . ,  the mean monthly value for  surface refract ivi ty  at CRO for  November 

is 329, while the value computed f rom tempera ture ,  p re s su re ,  and dew 

point for midnight November 10 (GMT) was 367. 

sisted of the state vector,  ASC azimuth and elevation biases ,  and CRO 

azimuth bias. Drag was modelled by inputting a 0. 082-square foot p e r  

slug value fo r  the drag  parameter .  

The solution vector  con- 

The residual mean and RMS by station and type for  Segment 3 i s  

l isted in  Table 3-20. 

The t ra jec tory  was output at 10-minute intervals  and at event t imes  

The residual  plots can  be found in  Appendix E where  com-  (Appendix B). 

ments  on each plot will be made, if applicable. 

Systematic  e r r o r s  have an important effect on the residual  pat terns  

in Segments 2 and 3. 

elevation f o r  ASCC03, noting crossover  points, when the residuals  change 
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sign, and observing the gconietry of thc pass ,  one can isolate some appar -  

ent systematic e r r o r s .  

c rossover  point (positive to negative) a t  approximately 15 hours  and 35 

minutes, GMT. 

means that the apparent station location should l ie on a line drawn through 

the assumed station location and oriented 19 degrees  e a s t  of t rue  North. 

Thc azimuth residual  pattern in  Segment 2 has a 

The azimuth observable a t  this t ime is 19 dcgrees,which 

The fact that the residuals change f rom positive to negative indicates the 

apparent location is south and west of the surveyed location on the 19- 

degree line. 

negative throughout the pass  because of the geometry, if a timing e r r o r  is 

not present. However, the elevation residuals  have a c rossover  point 

(negative to positive) at  15 hours  and 42 minutes, GMT. 

point occurs 2 minutes a f te r  the maximum elevation of the pas s  is achieved. 

A positive timing bias in conjunction with the apparent station location 

e r r o r  deduced f rom the azimuth residual pattern will yield a c rossover  

point at  some time af ter  the occurrence of the maximum elevation of the 

pass. 

azimuth residuals at  the t ime of the occurrence of maximum elevation, 

since the location e r r o r  and the timing e r r o r  a r e  coupled in the same 

direction. 

Using this new location, the elevation residuals  should be 

This c rossover  

The positive timing e r r o r  will also account for the minimum in the 

A similar  analysis of the CROC03 azimuth residual  pattern does not 

reveal  a crossover point. The geometry indicates that  i f  a timing e r r o r  

o r  station location e r r o r  existed, their  effects would be most  noticeable 

f r o m  20 hours 0 minute, GMT, to 2 0  hours  10 minutes, GMT. But no 

c rossover  is observed, which leads one to  conclude that the azimuth 

residual  pattern can be removed by assuming a minus 0. 009-degree bias  

in azimuth. This is a reasonable number considering the fact that  the 10 

uncertainty in azimuth bias for  a FPQ-6 r a d a r  is 0. 017 degree. 

It was also found that a positive longitude e r r o r  could account for 

This was done by generating per fec t  data the positive residual pattern. 

for  the coast ell ipse and perturbing the t ra jec tory  by a station location 

e r r o r  o r  timing e r r o r .  

analyzed since they were degraded by a bad refraction correct ion as d i s -  

cus sed above. 

The elevation residuals  for  CROC03 were  not 
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It is felt  that  the e r r o r  discussed above i s  thc r e su l t  of the relat ive 

e r r o r s  betwccn Ascension and Carnarvon which a r c  a function of pas s  

gconietry, refract ion niodcl, ear th  model, r a d a r  sys t em e r r o r s ,  etc. 

Thus, the recovered values bascd on a leas t - squares  fit of the low speed 

tracking data would not necessar i ly  ref lect  a correct ion to station locations 

on the F ischer  ellipsoid. 

The t r a j ec to ry  f o r  Segment 4 f r o m  SPS 2 engine cutoff ( 2 0  hours ,  

15 minutes, and 36.4 seconds, GMT) to  e n t r y  interface ( 2 0  hours,  19 

minutes, and 29. 54 seconds, G M T )  was reconstructed using the only r a d a r  

tracking data  available, viz . ,  Guam S-band data. The valid data f r o m  

Guam covered a 2. 3-minute interval f r o m  20 hours ,  15 minutes, and 

36  seconds, GMT, to 20  hours,  17 minutes, and 54 seconds,  GMT. The 

fit used only the RXY data as the doppler data  were  found to be  of poor 

quality. 

A leas t - squares  fit was made where the solution vector  consisted of 

the s ta te  vector. 

was used before  CM/SM separation while a d rag  value of 0. 346 square  foot 

pe r  slug was used a f te r  CM/SM separation. 
situation and the fact  that Guam is a new station, the station summary  

shown in Table 3 - 2  1 indicates that a good f i t  was obtained. 

A drag parameter  value of 0. 166 square  foot pe r  slug 

In spite of the limited data  

Table 3-2  1. Residual Mean and RMS by Station and Type f o r  Segment 4 

Station 
Identification Transponder Range X-Angle Y -Angle 

G WMS03 CSM -0 .7722363 00 0.368261E-03 0 .4983963-02  Mean 
0 .2211893 02 0 . 2 7 9 8 7 0 3 - 0 1  0. 114703E-01 RMS 

24 24  24 N* 

* 
Number of data points 

The t ra jec tory  output was listed f o r  SPS 2 engine cutoff, CM/SM 

separat ion and en t ry  (Appendix B). 

E c lea r ly  show that the doppler data were of poor quality. 

t ions are discussed in the subsection on Maneuver Analysis and Targeting. 

Segment 5, which represents  the coast  phase of the flight, was 

The res idua l  plots, found in Appendix 

Ent ry  condi- 

reconstructed using all available low speed S -band tracking data. 
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Most of CROS03 data did not come into the RTCC in r e a l  t ime;  con- 

sequently, paper tapes  had to be processed  in o r d e r  to  obtain the data. 

This  is the reason that the data do not appear in the residual  plots. 

is a preponderance (1915 v e r s u s  560) of A C N S  data. 

was  made where the solution vector  included only the s ta te  vector.  

summary  of pertinent information regarding the f i t  can be found in Table 
3-17. 

e t e r ,  

g i \ - c n  i n  Tablc 3-22. 

The re  

A l ea s t - squa res  fi t  

A 

A value of 0. 082 square  foot p e r  slug was used lo r  the drag  p a r a m -  

The residual mean and RMS and station and typc fo r  Scgmcnt 5 is 

The S-band t ra jec tory  was generated in  o r d e r  to  compare it with the 

The r e su l t s  a r e  l isted in Table 3 -23 where  the differ-  C -band trajectory.  

ences  a r e  defined to  be S-band t ra jec tory  minus C-band t ra jectory.  

First, it can be seen that the ACNS03 data  will  have m o r e  leverage 

in  the f i t  than the CROS03 data. Thus, the orb i t  plane is not determined 

as good as in the Segment 2 o r  Segment 3 f i t  where the CROC03 data had 

m o r e  of an influence on the f i t .  Second, the S-band f i t  reduced the posi-  

tive hump i n  the doppler residual pattern a f t e r  SPS 1 engine cutoff. (The 

geometry during this period af ter  SPS 1 engine cutoff was m o r e  like nea r -  

e a r t h  orbi t  with i ts  rapid angle changes. ) The effect of reducing the hump 

in  the S-band f i t  was to inc rease  the velocity fo r  the result ing t ra jectory.  

This velocity difference at  SPS 1 engine cutoff will show up as a position 

difference at apogee, and then t r ans fe r  back to  a velocity difference at 

SPS 2 engine ignition. It can also 
be seen  f rom the ACNS03 plots (Appendix F) that  as the range inc reases  

and the elevation decreases ,  the X, Y angles become noisier.  If the 

switchover from ACNS03 to CROS03 occurred  at s o m e  e a r l i e r  t ime in the 

flight, then some of the noise on the X, Y angles would be eliminated. It 
should be noted that the discontinuity in the differences between 17 hour s  

and 10 minutes and 17 hours  and 30 minutes is due to  the switch in BET 
s eg me nt s.  

This pat tern can be  seen  in the table. 

In conclusion, the d i f fe rence  between the S-band t r a j ec to ry  and the 

C-band t ra jectory can be attr ibuted to  the ASCN03 leverage on the S-band 

f i t  and the questionable doppler data a f t e r  SPS 1 engine cutoff. 

3 - 6 0  



In 
c, c 
a, 

M 
a, cn 
k 
0 cu 
a, a 
h 
t-c 
a c 

rd 
c 
0 

rd 

x 
P 
cn 

E 

.,-I +J 

;; 

2 
d 
a c 

cd 

c 
rd 

5 
4 
rd 
3 
2 
m 
a, 
a 

N 
N 

m 
a, 

rd 

I 

z; 
f3 

rn 
-e c 
0 

# I d  
Id a 

w 
0 
k 

.rl 

l a  
c, 

d 
Id 
Q 
2 

d 

0 

4 
N 
r- 
r- 
co 
m 
r- 
d 

N 
0 

4 
9 
r- * 
* * 
d 

d 

d 

0 

A m 
0' 
rr) 
In 

d 

d 

0 

N 
0 

w 
rr) * m 
0 
d+ 
rr) 

d 
I 

2 
r n  u 

m 

$ z u 
4 

cn 
2 
d 

0 
0 

4 

2 

6 
In 
0 
0 

d 

0 
0 

4 
In 
N 
r- 
co 
N 
d 

0 

N 
0 
I 

9 
co 
F 
m 
m 
0 

d 

cr) 
0 

w 
9 
rr) 

9 
d 

d 
d 

0 

c 
Id 
Q) 

2 

0 
0 

4 m 
Ln 
a 
0 
VI 
m 
0 
I 

N 
0 

A co * 
VI 
m 
6 
Ln 

0 
I 

4 
0 

4 
6 
0 
9 
h] 
N * 
0 
I 

d 

0 

w 
b 
w 
0- 
co 
9 * 
0 

2 m u 

M 

0 
m 
0 rz u 

ic! 
2 

L i  

d 

0 

cr) 
cr) 
cr) 
d 

d 

6 

0 

N 
0 

4 * 
In 
9 
m co 
cr) 

0 

N 
0 

4 * 
cr) 

0 
6 
Q) 

0 

d 

. 
N 
0 

w 
Q 
D m 
N 
In 
Q 

0 

5 

cr) 
m 
d 

d 

9 
In 

d 

9 m 

0 
9 
m 

a, 
P 
E 
2 

35 

3-61 



a 

3 - 6 2  



I .  

Thc residual plots for  Scgmcnt 5 can be found in Appcntlix F. P e r t i -  

nent coniincnts will be nindc f o r  each plot if applicable. 

The ACNS03 rcsidual patt(.rns for  Segment 5 cannot he explained hy  

any one systematic e r r o r .  This w a s  deduced by generating perfect data 

for a coast  ell ipse and then inputting a single systematic e r r o r  (latitude 

e r r o r ,  longitude e r r o r ,  o r  timing e r r o r )  and noting thc residual patterns. 

F r o m  these runs, it is apparent that only a combination of e r r o r s  will 

account for the patterns. 

res idual  pattern is caused by a positive longitude bias. 

little effect on the Y-angle pattern. 

be explained by a positive latitude e r ro r .  

l i t t le effect on the X-angle residual pattern. Third, i t  takes  a positive 

timing e r r o r  to account for the crossover in the range residual pattern 

at 18 hours  and 8 minutes, GMT; the simple timing e r r o r  produced c r o s s -  

over at 17 hours  and 58 minutes, GMT, with perfect data. 

First, it appears that the positive X-angle 

This bias has  

Second, the Y-angle pattern can best 

The latitude e r r o r  also has  

The resu l t s  of this comparison a r e  compatible with the analysis of 

the ASCC03 residual patterns for  Segment 2; i. e . ,  the actual location of 

the C-band station is south and west of the survey location, and there  is  

a positive timing bias. This would be expected, since both stations a r e  

located on the s a m e  island. 

Although the amount of CROS03 data plotted i s  limited, it appears 

that  there  may  be a positive longitude e r ro r .  

suspected that CROC03 azimuth residual pattern could best  be explained 

by either an azimuth bias o r  a positive longitude e r r o r .  

F r o m  Segment 3 ,  i t  was 

Segment 6 was reconstructed using all  low speed C -band and S -band 

data except for the suspected ASCC03 data f rom 15 hours and 30 minutes, 

GMT, to 17 hours,  12 minutes, and 3 0  seconds, GMT. A fi t .was made 

where the regression variables were position and velocity. 

of 0. 082 square  foot per slug w a s  used in the fi t .  

res idual  mean and RMS by station and type for  Segment 6. 

A drag value 

Table 3-24 gives the 

The C -  and S-band t ra jectory was generated to compare with the 

C-band trajectory.  The resul ts  a r e  listed in Table 3-25 where the differ-  

ences  a r e  defined to be C - and S-band t ra jectory minus C -band trajectory.  
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Table 3 - 2 5  revcals  much smaller  differences between the C -  and S- 

band t ra jectory and the C-band trajectory than the differences in the 

S-band t ra jectory and the C-band trajectory. 

the effect of the C-band data in the f i t .  

17 hours  and 10 minutes, GMT, and 17 hours and 30 minutes, GMT, is 

due to the switch in BET segments. 

ence l isted in the table that a good t ra jectory was reconstructed using 

both C -band and S -band data. 

This can be attributed to 

The jump i n  the position between 

It can be concluded f rom the differ-  

The residual  plots for  Segment 6 can be found in Appendix G. P e r t i -  

nent comments will be made on each plot, if applicable. 

The residual  patterns for  Segment 6 a r e  essentially the s a m e  as for  

Segment 5; therefore,  the s a m e  systematic e r r o r s  would be recovered for  

Segment 6. 

Before this  section is concluded, it should be s t r e s sed  that com- 

ments  pertinent to data anomalies and t r acke r s  will be made with the plots. 

It is fe l t  that  this is a more  effective way of presenting this  information. 

Maneuver and Targeting Analysis 

First, it should be mentioned that many attempts were  made to 

reconstruct  the maneuvers using the low-speed C -band tracking data, tele - 
m e t r y  information in the form of an acceleration burn tape, and IGS ESPOD. 
However, the lack of a p r io r i  knowledge of the guidance e r r o r s  and the 

problems in the data prevented a good reconstruction of the SPS I and 

SPS 2 burns. The data problems are  l is ted a s  follows: 

0 Bad ASCC03 segment f rom 15 hours and 3 0  minutes, 
GMT, to 17 hours,  12 minutes, and 30 seconds, GMT 

0 Refraction problem at CROC03 

0 Lack of low speed C-band tracking data af ter  SPS 2 

In order  to give the reader  some idea of the magnitude of the burns,  

the following information is tabulated. 

time of initiation of the maneuver (GMT), source of the information, the 

duration of the maneuver in seconds (At), the component velocities in 

Table 3 - 2 6  lists the maneuver, the 

3 - 6 7  
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guidance platform coordinates , and the total vcloc.ity. 

that  the listed velocities have not been corrected fo r  guidance e r r o r s .  
It should be noted 

The targeting pa rame te r s  f o r  the SPS 1 burn were a scmilatus 

rectum of 32,833,369 feet  and an eccentricity of 0. 5913. 

the failure of SPS 2, entry (400, 000 feet)  would have occurred a t  2 0  hours,  

20 minutes, and 29. 69 seconds with an iner t ia l  velocity of 32, 2 8 1  feet  pe r  

second, a flight-path angle of 100.29 degrees ,  and a location of 22. 06O 

north latitude and 152. 7 4 O  cas t  longitude. 

Segment 3 reconstructed trajectory. 

In the event of 

These values a r e  based on the 

The eccentricity of the orbit resulting from the SPS 2 burn was 

1. 022,  i. e . ,  a hyperbolic reentry orbit. The entry occurred a t  20  hours ,  

I 9  minutes, and 29. 54 seconds with an iner t ia l  velocity of 36, 545 feet  p e r  

second and a flight-path angle of 96. 93 degrees. 

on the Segment 6 reconstructed trajectory. 

These values a r e  based 
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3 .5  REENTRY 

Information on the actual reent ry  t ra jec tory  is available f r o m  sev-  

e r a l  sources.  

estimated by the recovery ship. 

deployment were determined f rom baroswitch closure t imes  reflected in  

the te lemetry data. 

probably occurred were determined f rom baroswitch presett ings and 

est imates  of the equipment and atmospheric  pressure  profile uncertainties. 

A wind velocity of 20 knots a t  90 degrees ,  measured by the recovery  ship, 

affords an east ( local X )  velocity es t imate  of approximately -34 feet  p e r  

second. Additionally, experience with the Apollo command module descent 

ra te  on the main chute leads to an expected ver t ical  velocity (local Z )  in  

the range from -28 t o  -30 feet  per  second. 

to  splashdown, the total  position and velocity of the spacecraf t  were zero, 

by definition. 

The impact point coordinates (discussed above) were  

The t imes of drogue and main  chute 

The altitude intervals in  which these events most  

Finally, a t  t imes  subsequent 

Comparisons of these values with those obtained f r o m  the 

I reconstructed G&N trajectory a r e  presented in the following table. 

Using the e r r o r  se t  described in Table 3 - 3 ,  the G&N t ra jec tory  was 

reconstructed from t ime t = 29,425. 75 seconds to splashdown. 

interval includes all  events f rom the second service propulsion sys tem 

burn through splashdown. 

the ESPOD state vector, thereby forcing initial agreement  with the BET. 

The altitude time history of this reconstructed t ra jec tory  is presented 

graphically from the t ime of drogue chute deployment (t = 30, 678 seconds) 

through splashdown. The coordinate s e t  chosen f o r  presentation i s  "local, 

ea r th  surface fixed" so that the origin of coordinates coincides with the 

spacecraft  recovery point a s  determined by the recovery ship. 

is the recovery ship's mos t  accurate es t imate  of the splash point. 

local coordinate axes a r e  oriented a s  follows: X (local)  i s  directed eas t ;  

Y (local)  i s  directed north; and Z (local)  i s  directed "up", normal  to  the 

tangent plane of the F ischer  Ellipsoid a t  the assumed point of impact. 

geodetic coordinates of the origin a r e  geodetic latitude = 30. 106 

geodetic longitude = 187.463O E. 

This 

The reconstructed t ra jectory was initialized on 

This point 

The 

The 
0 

N and 
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D rogue Deployment 
(t = 3 0 , 6 7 8 .  0 s e c )  

Main Chute Deployment 
(t = 3 0 , 7 2 5 . 4  s e c )  

P re  -splash (t = 3 1, 0 2 3 . 7 5  sec,  
immediately prior to impact;  
impact occurred at  approxi- 
mately 31, 035 s e c )  

Known C on s t ra in  t s 

P Z  (Altitude): 
2 2 , 7 0 0  - 26, 000 f t  

P Z  (Altitude): 
10, 200  - 1 0 , 7 5 0  f t  

PX: 0. ft 
PY:  0. f t  
P Z :  0. ft 
VX: - 3 4  f t l s e c  
VY: O f t l s ec  
VZ: - 2 8  to -30  f t l s ec  

Re constructed 
G&N 

24, 084  ft 

l i ,  020  f t  

7, 913  f t  
-2, 818  ft 
-370  f t  
-27. 9 f t l s e c  
9.4 f t l s e c  

-29. 0 f t / s e c  

There a r e  no significant differences between any of these recon-  

structed t ra jec tory  parameters  and the values of their  corresponding con- 

straints.  

external t ra jectory constraints, it was interesting to  note the behavior of 

the impact s ta te  vector. Naturally, P Z  and V Z  must simultaneously 

match their  reference values since these a r e  accurately known constraints. 

Surface wind velocity and impact latitude -longitude, however, have large 

uncertainties and a r e  independently derived. The analysis procedure 

demonstrated that whenever the wind constraint  was satisfied, the recon-  

structed impact position was very close to  the recovery ship estimate,  

and vice versa .  

re fe rence  data, and in the accuracy of the reconstructed trajectory. 

During the i terative procedure used to  fit guidance data to 

.I, -a. 

This gives the analyst confidence in the reliability of the 

At the t ime of delivery of the A-50 45 Day BET, a detailed M U  
e r r o r  evaluation had not been completed because of difficulties in deter  - 
mining which of the several  reference t ra jec tor ies  received fo r  the ascent  

phase best  represented the actual mission. Es t imates  of the most  signif- 

icant e r r o r s  had been made. With this intermediate IMU evaluation, and 

with the knowledge that large platform misalignments existed at  the t ime 

of the en t ry  burn, it was possible to reconstruct  the entry t ra jec tory  with 

::: 
Numerical  values of these uncertainties a r e  not available. 
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a fair degree of confidence. 

struction and no revision of the 45  Day BET will be issued. 

of the BET entry t ra jec tory  with that derived f rom the final IMU e r r o r s  

(Table  3 - 3 )  is given in Table 3 -27 at severa l  t imes  of interest. 

The final IMU evaluation confirms this  recon- 

A comparison 

Figure 3 -8 i l lustrates  the altitude -time his tory of the reconstructed 

en t ry  t r a j e c to  r y. 

3 . 6  RTCC ORBIT DETERMINATION EVALUATION 

The s ta te  vectors  obtained in  rea l  time by the RTCC €or  the AS-501 

mission were compared with the Task A-50 best  es t imate  of the t ra jec tory  

(BET) at RTCC anchor time f r o m  insertion (12 hours,  11 minutes, 16. 64 

seconds,  GMT) to  entry (20 hours ,  19 minutes, 29.54 seconds, GMT). 

The purpose of making these comparisons is to  aid the RTCC in evaluating 

f i t  procedures f o r  this and subsequent Apollo missions.  

The comparisons a r e  l isted with comments for  each vector compari-  

A set of special  vectors  of prime in te res t  to  the RTCC will a lso be son. 

discussed. As previously noted, a t ime bias was added to the t ime tag of 

the low speed tracking data  to account for the difference between UT1 and 

UTC. 

difference between UT1 and UTC.  

phase with the resultant post-flight trajectory.  

reflected in the s ta te  vector comparisons. 

The real  t ime orbi t  determination program does not account for  the 

Thus, the RTCC t ra jec tory  i s  out of 

These differences a r e  

Table 3-28  lists in detail the data received and processed by the 

RTCC. 

(GMT), number of valid points, and an  indication that the data were  either 

accepted o r  rejected (A/R) is tabulated. 

column denotes an accepted single station solution. The batch number is 

s imply a numbering sys t em used by the RTCC and has  no special  signifi- 

cance. The MSC memorandum on the RTCC Mission Data Summary was 

the source of Table 3-28.  

The maximum elevation of the pass  (EMAX), anchor vector t ime 

An "S" i n  the accept / re jec t  
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Table- 3-28, RTCC S t i n i n i a r y  o f  Radar D a t a  for AS-501 

Cod c 

BDAC 

BDAS 

VANC 

VANS 

CROC 

CROS 

WOMC 

GYMS 

WHSC 

GDSS 

MLAC 

MILS 

G BIC 

PATC 

BDAC 

BDQC 

BDAS 

VANS 

VANC 

CYIC 

CROC 

CROS 

HAWC 

CALC 

GDSS 
WHSC 

BDQC 

ANTC 

VANC 

BDQC 

ANTC 

Batch 

04 

08  

09 
10 

11 

13 

12 

17 

18 

19 
21 

24 

22 

23 

29 

25 

31 

26 

27 

30 

32 

33 

34 

35 

46 
47 

48 

50 

53 

58 

59 

Anchor Time (hr:min:sec) 

12: l  1:24 

12:i 1:24 

12:i 1:24 

12:12:36 

12:53:00 

12: 53:OO 

13:00:24 

13:29:06 

13:30:30 

13:30:36 

13: 3 5:48 

13:38:06 

13: 36: 30 

13:37: 12 

13: 39: 12 

13: 3 9:24 

13 :4 1:24 

13:45:06 

13 :46: 30 

13:5 1:OO 

14:26: 12 

14:26: 18 

14:51:36 

15:00:30 

15:02:12 

15:05: 18 

15: 17:06 

15:17:06 

15: 17:06 

15:20: 18 

15:22:18 

N - 
7 

6 

42 

33 

44 

36 

6 

16 

53 

18 

26 

16 

52 

43 

36 

54 

2 8  

33 

26 

37 

51 

41 

47  

45  

38 

10 

32 

52 

71 

62 

42 

6 

6 

57 

55 

8 

9 
76 

26 

20 

5 

21  

24 

14 

21 

90 
83 

83 

37 

37 

6 
12 

12 

10 

20 

20 

86 
27 

21 

47 

14 

15 

S 
A 

R 

R 

A 

A 

R 

R 

A 

R 

A 

R 

A 

A 

A 

A 

A 

R 

R 

A 

A 

R 

R 

A 
R 

A 

S 

A 

R 

A 

A 



Triblc 3-28. RTCC S \ i m m a r y  of Radar D a t a  for AS-501  (Continued) 

Code 

ANTC 

ANTC 

VANC 

Ascc 
ACNS 

ANTC 

ASCC 

VANC 

ACNS 

ASCC 

ACNS 

VANC 

ASCC 

ACNS 

ASCC 

ACNS 

Ascc 
ACNS 

Ascc 
ACNS 

Ascc 
ACNS 

ACNS 

Ascc 
ACNS 

ASCC 

CROC 

ACNS 

Ascc 

Batch 

60 

61 

64 

66 

67 

57 

62 

63 

65  

68 

69 
70 

71 

72 

74 

75 

76 

77 

78 

79 

86 

88 

89 

90 

91  

92 

93 

94 

95 

Anchor Time (hr:min:sec) 

15:26:42 

15:28:36 

15:29: 18 

15:29: 18 

15:29:18 

15:30:24 

15:35:42 

15:35:48 

15:36:06 

15:44:06 

15:44:06 

15:44:48 

15:5 1:42 

15:52:06 

15:59:42 

16:OO: 16 

16:07:42 

16:08:12 

16: 15: 54 

16: 16:36 

16:44:06 

16: 57:42 

17:06:42 

17:07:42 

17: 13:42 

17: 16: 36 

17: 18:56 

17:23: 18 

17:29:48 

N - 
15 

18 

58 

62 

68 

28 

80 

80 

80 

80 

80 

34 

80 

80 

80 

80 

80 

80 

77 

58 

59 

80 

80 

80 

80 

129 

200 

159 

159 

EMAX (de& 

9 

7 

20 

5 1  

57 

5 

59 

12 

59 

58 

58 

5 

53 

53 

49 
48 

4 5  

4 5  

42 

42  

34 

32 

30 

30 

29 

29 

5 

28 

27  

A / R  

S 

S 

R 
A 

A 

A 

A 

R 
R 
A 

A 

R 

A 

A 

A 

A 
A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 
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Table 3 - 2 8 .  RTCC Summary of Radar Data  f o r  AS-501 (Continued) 

Code 

CROC 

ACNS 

ASCC 

CROC 

ACNS 

ASCC 

CROC 

ACNS 

ASCC 

CROC 

ACNS 

ASCC 

CROC 

CROC 

CROC 

CROC 

CROC 

CROC 

CROC 

CROC 

GWMS 

- Batch 

96 
9 7  

98 

99 
100 

10 1 

102 

103 

104 

105 

106 

107 

108 

109 

110 

ill 

112 

113 

114 

117 

118 

Anchor Time (hr:min:sec) 

17:34:00 

17: 39: 12 

17:4 5:42 

17:49:54 

17:56:24 

18:06: 18 

18:12:36 

18:2 0:24 

18:30:06 

18:36:24 

18:44:12 

18: 54: 3 6 
18:59:24 

19: 17:36 

19:28:36 

19:33:36 

19:4 1 :36 

19 :49: 3 6 
19: 57:54 

02:08:00 

20: 15:30 

N 

159 

119 

119 

80 

80 

2 30 

2 30 

80 

2 30 

2 12 

2 10 

168 

187 

80 

80 

80 

80 

80 

80 

45 

26 

- EMAX (deg.1 

8 

25 

24 

I 1  

22 

20 

15 

18 

15 

19 
11 

8 

23 

26 

28 

32 

36 

39 

39 

3 1  

30 

- A/R 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 
A 

A 
A 
A 

A 
A 

A 
A 

S 

Notes: Data f r o m  TANC was received but not processed by the RTCC. 
CROS data during the third revolution was received post mission. 
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Figure 3 -9. 2nd Burn Sensed Comparisons /GN-GLOTRAC; Delta VX 
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Figure  3 -  10. 2nd Burn Sensed Comparisons/GN-GLOTRAC; Delta VY 
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Figure  3 -  11. 2nd Burn Sensed Comparisons/GN-GLOTRAC; D e l t a  VZ 
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111' 118' + 

ED COMP@RISONS/CN-CLOTRAC 

Figure  3 -  12. 2nd Burn Sensed Comparisons/GN-GLOTRAC; Delta P X  
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Figure 3 - 13. 2nd Burn Sensed Comparisons/GN-GLOTRAC; Delta P Y  
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818' + 

Figure 3-14. 2nd Burn Sensed Comparisons/GN-GLOTRAC; Delta PZ 
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R TCC Comparison 

The comparisons made f o r  the parking orbi t  wi l l  be discussed first. 

Since TRW Task A-50 rcconstructed the t ra jec tory  i n  o r d e r  t o  evaluate 

the MSFC vent polynomial technique, the task  was asked to  make RTCC 

comparisons f o r  t h i s  segment of the fl ight.  

A summary of thcse comparisons is l is ted i n  Table 3-29. The table 

l i s t s  the data used in t h e  f i t  to  obtain the RTCC vector ,  the RTCC batch 

number,  the RTCC anchor  t ime  (GMT), the maximum elevation of the pass  

(EMAX), the BET segment  number,  the total difference in  position, and 

the total  difference in velocity. 

It can be seen  that differences in position were  about the s a m e  

throughout the parking orbit. 

the first pas s  over the United States.  

the RTCC did a good job determining the orbit. 

The velocity differences were  not good until  

When the data  si tuation was good, 

Table 3 -29. RTCC Comparison Summary for  the Parking Orbit 

Anchor Time 
BET AR(ft) AV ( f t / s ec )  Station Batch Jhr :min: s e c EMAX (den) - 

BDAC 

BDAS 

CROC 

CROS 
WHSC 

MLAC 

BDQC 

BDAS 

CYIC 

CROC 

WHSC 

04 

08 

11 

13 

18 

21 

25 

3 1  

30 

32 

47 

12:11:24 

12:11:24 

12:53:00 

12:53:00 

13:30:30 

13:35:48 

13 :39:24 

13 :4 1 :24 

13:5 1 : O O  

14:26: 12 

15:05: 18 

6 
6 

8 

9 
20 

21 

83 

83 

6 

12 

86  

I 

1 

I 
I 
I 

1 

2 

2 

2 

2 

2 

1687 

1720 

1817 

1388 

1396 

1603 

1445 

1433 

1653 

303 1 

I 9 4 2  

19. 54 

13. 9 1  

3. 27 

5. 92  

2. 5 1  

I. 34 

I. 03 

0. 99 

0. 45 

1. 84 

0. 22 

I 
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The summary  of thc coniparisons f rom the. sccontl S-IVB engine 

cutoff to entry is listed in Table 3-30.  

s a m e  a s  in Table 3-29 .  
Table 3 - 3 0  a r e  f rom ANTC61 to  ACNSlO3. 

ences can be explained by t h e  following: 

All quantities a r e  defined the 

The largest  differences which appear  in 

A par t  of these la rge  differ-  

0 The RTCC was using data f r o m  ASCC03 and ACNS03 
until about 17 hours ,  2 0  minutes, GMT. Therefore ,  
the geometry was not good until Carnarvon tracked. 

0 The elevation at CROC03 did not get above 10 degrees  
until af ter  18 hours ,  GMT. The refraction problem 
at Carnarvon has a significant effect on the trajectory.  
The elevation data f r o m  CROC03 were  weighted out of 
a l l  the postflight fits. 

0 The ASCC03 data f rom 15 hours ,  30 minutes,  GMT, 
to 17 hours,  12 minutes, 30 seconds, GMT, were 
deleted f rom the postflight fits due to  their  s t range 
behavior. 
The RTCC incorporated the ASCC03 data into the i r  
fits. 

(Appendix E presents  the residual  plots). 

Spe cia1 Comparisons 

The summary  of special  comparisons can be found in Table 3 -3 1 

The vectors are t ime ordered according to RTCC anchor t ime,  and the 

total  difference in position and velocity is  listed. 
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Table 3-30.  RTCC Comparison Summary f rom Second S-IVB 
Engine Ignition to  En t ry  

Station 

BDQC 

ANTC 

BDQC 

ANTC 

ANTC 

ASCC 

ACNS 

ACNS 

ASCC 

ASCC 

ACNS 

ASCC 

ACNS 

ACNS 

ASCC 

ACNS 

ASCC 

ACNS 

ASCC 

CROC 

ACNS 

ACNS 

ASCC 

CROC 

CROC 

CROC 

CROC 

CROC 

CROC 

GWMS 

Anchor Time 
(hr  :min : se c ) BET EMAX (deg) - B a t  ch 

48 

50 

58 

59 

6 1  

66 
67 

65 

68 

74  

75 

86 

88 

9 1  

92 

97 

98 

i o 0  

10 1 

102 

103 

106 

107 

108 

110 

112 

113 

114 

117 

118 

15: 17:06 

15:17:06 

15:20: 18 

15:22: 18 

15:28:36 

15:29:18 

15:29:18 

15:36:06 

15 :43 :42 

15:59:42 

16:00:06 

16 :44: 0 6 
16:57:42 

17:13:42 

17:16:36 

17:39:12 

17:45 :42 

17 :56:24 

18:06: 18 

18: 12:36 

18:20:24 

18:44: 12 

18:54:36 

18: 5 8 :24 

19:25:36 

19:41:36 

19:49:36 

19:57:54 

20:06:00 

20: 15:30 

27 

2 1  

14 

15 

7 

5 1  

57 

59 

58 

49 
48 

34  

32  

29 

29 

25 

24  

22 

20 

15 

18 

11 

8 

23 

28 

36 

39 

39 

3 1  

30 

3 

3 

3 

3 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

6 

a R ( f t )  

2,026 

1, 602 

1,736 

2,202 

10,453 

7, 014 

6,742 

7, 858 

8,348 

12, 936 

13, 300 

19, 253 

22,405 

21,446 

18,850 

11,349 

11, 177 

8, 943 

7, 682 

7, 015 

5,747 

2, 842 

1, 145 

2,002 

1, 792  

38 379 
3, 510 

2, 674 

2, 208 

2, 621  

AV ( f t / s ec )  

2. 16 

2. 17 

3. 19 

3. 9 1  
80. 83 

7. 33 

5. 35 

12. 29 

7. 02 

8. 21 

7. 9 1  

4. 20 

3. 88 

3. 15 

2. 82 

2. 00 

2. 08 

2. 30 

2. 42  

2. 50 

2. 58 

2. 8 1  

2. 85 

2. 97 

3. 12 

2. 45 

1. 67 

1. 0 1  

1. 18 

5. 35 

3 -88  



~~ ~ 

Table 3 - 3 1 .  RTCC Comparison Summary for Special  Vectors  

Vector De sc ri ption 

AGC Inser t ion Vector 

IP Raw Inser t ion Vector 

USB Inser t ion Vector 

I U  Inser t ion Vector 

BDQC 025 Vector Used to  Build AGC 
Navigation Update P r i o r  to 5 2  

WHSC 047 Best  RTCC Vector Prior 
to TLI 

AGC High Speed Cutoff Vector 
Following TLI 

IP RAW High Speed Cutoff Vector 
Following TLI 

ANTC 059 Best  RTCC Vector P r i o r  
to  SPS-1 

IP RAW High Speed Cutoff Vector 
Following SPS- 1 

ACNS 079 Vector Used to Build AGC 
Navigation Update P r i o r  t o  SPS-2 

CROC 117 Best  RTCC Vector P r i o r  
to  SPS-2 

Following SPS- 2 

Following SPS- 2 

AGC High Speed Cutoff Vector 

GWMS High Speed Cutoff Vector 

Anchor T ime  
(hr  :min: s ec )  

12:11:21.57 

1 2 : l  1 :22. 25 

12 : l  1 :22. 25 

12 : l  1 :22. 3 

13:39:24. 0 

15:05:18. 0 

15: l  6:45. 7 

1 5 : i  8:08. 7 

15:22:18. 0 

15:29:53. 8 

16:16:36. 0 

20:06:00. 0 

20:15:44. 3 2  

20:16:28. 50 

OR 
0 

17,922 

4,598 

2,664 

21,888 

1,515 

1,942 

46,609 

8,932 

2,202 

13, 859 

15, 219 

2, 208 

38, 805 

2,662 

AV 
Jft / sec )  

50.10 

19.05 

85.43 

17. 26 

1. 09 

0. 22 

44. 91 

15.04 

3. 91 

10.04 

5.57 

1. 1 8  

92.64 

39.42 

3 -89 



The output of the RTCC Compare P rogram i s  l is ted fo r  each 
vector appearing in Tables 3 - 2 9 ,  3 - 3 0 ,  3 - 3 1 ,  and comments a r e  made for 

each comparison. 

f ou nd be 1 ow. 

Symbol 

X 

Y 

Z 

j c  

i. 
i 

SEMI- MAJOR 

ECCEN 

INC L 

NODE 

The definition f o r  each symbol in the listing can be 

Definition of Symbols 

Components of the position and velocity 
vector referenced to a geocentric, inertial ,  
Cartesian,  coordinate system. It is a right- 
handed sys tem where the X-ax i s  lies in the 
t rue  equatorial  plane in the direction of the 
Greenwich meridian a t  Oh day of launch, 
the Z-axis is orthogonal to the t rue  equa- 
to r ia l  plane, and the Y - a x i s  completes the 
right-handed system. The units a r e  ear th  
radii  and ear th  radii /hour.  

Semimajor  axis (feet) 

Eccentricity of the orbi t  

Inclination of the orbi t  plane to  the equator 
measured positive counte r clockwise f r om 
the equatorial  plane to the orbi t  plane at 
the ascending node (degrees)  

Right ascension of the ascending node 
(degrees)  

ARG PERIGEE Argument of per igee measured  positive in 
the direction of motion f r o m  the ascending 
node (degrees)  

TRUE ANOM True  anomaly measured  positive in the 
direction of motion (degrees)  

PERIOD Osculating period of the orbi t  (minutes) 

APOGEE Altitude of apogee above a reference 
sphere  (nautical miles) 

PERIGEE Altitude of per igee above a reference 
sphere  (nautical mi l e s )  

VEL- MAG Magnitude of the iner t ia l  velocity vector  
(feet / s e c ond) 
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Symbol 

F L T  PATH 

HEADING 

DECLIN 

LONG 

HEIGHT 

DELTA U 

DELTA V 

DELTA W 

DELTA UDOT 

DELTA VDOT 

DELTA WDOT 

DELTA POS 

DELTA VEL 

Definition of Symbols 

Flight-path angle measured positive down- 
ward from the local ver t ical  (degrees)  

Azimuth of the velocity vector measured 
positive eas t  of t rue  North (degrees)  

Declination (degrees  ) 

Longitude of the vehicle measured positive 
eas t  of the Greenwich Meridian (degrees)  

Height of the vehicle above a reference 
sphere (nautical mi les )  

Difference between the RTCC and TRW 
components of the position and velocity 
vector in a vehicle-centered, coordinate 
system where the U-ax i s  is coll inear with 
the earth-centered iner t ia l  radius vector 
and is directed outward, the V-axis l ies 
in the orbit  plane and is orthogonal to  the 
U-axis, and the W-axis completes the  
right-handed system. 

Magnitude of the difference between the 
RTCC position vector and the TRW position 
vector 

Magnitude of the difference between the 
RTCC velocity vector and the TRW 
velocity vector 

3 - 9 1  
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